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Prolect Summary

The objective of DWA Composite Specialties, Inc., in this second phase SBIR. prograxp was
to fabricate a full-scale space radiator built around an experimental folding heat pipe supplied by
Thermocore, Inc., of Lancaster, PA. The radiator framework and radiating panels had a mass of

* 1.5Kgpermeter (1 pound per foot) of radiator length., utilizing 16 square meters of tapered graphite-

aluminum panel. ) A .
This effort grew out of a successful Phase I SBIR program investigating the application of high

thermal conductivity metal matrix composite materials to space radiators. Results of analysis
conducted in the Phase I effort indicated that thermal transfer per unit mass of radiatPr could be
improved by approximately 175 by substituting a high thermal conductivity graphite-aluminuin metal
matrix composite (MMC) for conventional aluminum in radiating surfaces. '

DWA fabricated the internal support structure zround th. heat pipe and asscmblcd‘ a series
of graphite-aluminum panels into a lenticular section radiator of monocoque construction. The
lenticular section was about 32mm (1.25 inch) deep in the center tapering to about 2mm (.06 inch)
at the edges.

The active radiator was approximately 13.5 m=ters (44 feet) by 0.6 meter (2 feet). MMC surfaces
were applied to both sides ¢f the heat pipe.

~ The thermal transfer rate per unit mass was optimized by fabricating the MMC radiator skins
themselves with a tapered cross section, varying in thickness rom 0.63mm (.025 inch) at the center
10 0.20mm (.008 inch) at the outer edges. The profile of the taper was the result of an analysis by Dr.
Eugene Ungar of NASA Johnson Space Center. The analysis determined the taper required to
maintain a constant thermal flux density through the radiator from the root to the outer edge. His
analysis indicated that a 30% weight savings could be achieved withoutsacrificing thermal transfer rate.

The graphite-aluminum panels were fabricated by coasolidating a set of plies of uniform
thickness and varying widths approximating the profile specified by Dr. Ungar. The minimum ply
thickness available through DWAs manufacturing process is approximately 0.13mm (.005 inches).
The panels therefore consisted of 5 layers of graphite-aluminum stacked to form the required profile.
All the graphite in the panels was aligned with the fibers perpendicular to the heat pipe. This
orientation of fibers resulted in the maximum thermal conductivity away from the heat pipe.

In addition to the cons:-uction of the radiator, a series of thermal transfer performance and
thermal conductivity measurements wers made. DWA constricted a small thermo-vacuum chamber
with a liquid nitrogen-cooled cold wall. Six specimens were tested: copper, aluminum, tapered uni-
directional graphite-aluminum, constant thickness unidirectional graphite-aluminum (in both ori-

" ~~entations), 0-90tross-plied graphitezatuminum-and- =+ 45—cross-plied-graphite-aluminum. . The

thermal conductivity of the same materials was measured . For the anisotropic coraposite materials,
the conductivity was measured in three orthogonal directions.

Of the six panels tested, the highest transfer rate per unit of mass in the given geometry was
provided by the tapered graphite aluminum at 186 watts per Kg. The lowest was copper at 12 watts per
Kg. -

The mass loss in graphite-aluminum resulting from exposure to high vacuum for one week was
measured to be 0.002 percent.

The experience of this effort indicates that the cost of such a high-periormance gmp.hite-
aluminumradiator can completely recovered by savingsinlaunchcosts resulting trom reduced weight..
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Foreword

This contract grew out of a successful Phase I SBIR contract (No. NAS9-17571) completed -
in 1986 by DWA Composite Specialties, Inc., for the NASA Johnson Space Center in Houston, Texas.
The Contracting Officers Technical Representative for the effort was Mr. W. Russ Long and the
Principal Investigator for DWA was Mr. Timothy A. Loftin.

The first phase effort demonstrated that the improved thermal conductivity provided by high
modulus graphite fibers in a matrix of aluminum could improve the thermal transfer rate of space
radiators. By replacing aluminum skins with graphite-aluminum in the radiating structure, the thermal
transfer rate could be improved by 17% with no weight penalty.

The initial goal of the 2-year second phase of the effort was to investigate configurations of
composite materials selected to meet several design ‘requirements for the thermal management
radiators being developed for the Space Station. Weight, thermal transfer rate and resonant
frequency for the radiating structure were design considerations against which radiator structural
designs and composite material configurational designs were to be compared. It was expected that
tradeoffdecisions forstructural stiffness and thermal transfer rate would require adjusting composite
thickness and fiber orientation parameters. To provide data for these decisions, an extensive series
of tests wére outlined. The tests were to include thermal conductivity and mechanical property
measurements for a large number of panels with varying thicknesses, fiber volume fractions and ply
otientations. Thermaltransfer performance for each configuration was tobe measuredina cold-wall
thermal vacuum chamber tobe fabricated by DWA. THe effort was to conclude with the construction
of several large panels, approximately 0.6 meters by 1.5 meters (2 feet by 5 feet) in extent to be
delivered to NASA for further testing.

Midway through the effort it was decided by mutual agreement between DWA and NASA that
amore valuable goal would be the construction of afullscale article optimized for weight andihermal
transfer. The contract was modified, eliminating the bulk of the testmatrix and the loose panels to be
fabricated and substituting the construction of a full-sized radiator using a heat-pipe supplied by

B R T L a— e - —— e

The thermal-vacuum chamber was constructed and a reduced set of tcsts werc conductcd The
tests included thermal conductivity, radiative thermal transfer performance and offgassing under

vacuum.
The cost and period of performance of the contract were unaffected by the change.

Near the end of the contract the Mr. Long left NASA and was replaced by Mr. John Thornbor-
row as COTR.
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Lenticular Section Radlator

The radiator built by DWA for NASA JSC is shown in ngure 1
phase heat pipe constructed by’I'hcrmocorc, Inc., of Lancaster, PA. A li Lght-wc:ght mtcmalstructu c:
of formed aluminum sheet was built by DWA and -attached to the heat plpc. The radlator w
completed by attaching a series of graphite-aluminum panels to the top and bottom of the structu
and hcat pipe. The dcsxgn and construction of the radiator is dcscnbed in thc scctmns followmg Th

included.

1.0 RADIATOR DESIGN

Lancaster, Pa, and to meet the following goals:

transfer capacity : 2000 watts

root temperature : 15°C (60°F)

radiating length  : 15 meters

radiating width  : 0.6 meters ( radiating 2 sides)
weight : minimum

resonant frequency : >0.10 Hz'

exposed edge radius: >1.5 mm (0.06 inch)

1.1 Resonant Frequency Considerations

_major constraint on the detail structural design of the radxator is the requirement for a natt
resonant frf'qucncy greater than 0.1 hz in the vibration mode depicted in Figure 2.~~~ i
Preliminary calculations performed by otker contractors for NASA JSC indicated that
achieving the structural stiffness required to produce a resonant ﬁ'cqucncy in excess of the mmun
would dictate the construction of a box-beam design as shown in Figure 3. :
The primary objective of this program was to minimize the weight of a radiating structurc. =
Accordingly, one of the early program tasks was to investigate methods of fabricating compos c :'> =
radiating panels with sufficiently high structural stiffness that the vibration requirement could be mct '
with a minimum of weight.- Four prospective radiator designs were considered and rcprcsentatxve
sections of each fabricated toidentify manufacturing problems associated with each. The four sccn?n
are shown in Figure 4. The designs investigated stiffening by box-beam construction and intrinsic
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FIGURE 2
Resonant Vibration Mode
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~ heatpipe, the second rcquxrcs fibers perpendicular to the heat pipe. Anticipating the needto evaluate”
different cross-plied composxtc conf" igurations agamst thcsc confhctmg structural and thermal ‘

IR e g

© e . B S . sy —

stiffening of the panel itself. : , -

The designs were also affected by the requxremcnt to avo:d any cxposed edgcs w1th lcss than

1.5 mm radius of curvature (sharp edges teing hazardous to space- -suited astronauts).

The three sections iabeled A, B and Cwere fabricated and 073 delivered to NASA JSC. Eachwas
built around a section of heat pipe supplied by NASA. The design of the heat pipe is shown in Figure

5. The section labeled D was not produced. Inits place was fabricated a section representative of the
final lenticular section shown in Figure 6. Its construction is described in Section 2.1

At the outset of this effort, it was assumed that any radiator constructed of composite materials
would need some version of box-beam construction to meet the vibration requirement. This
assumption crcated the need to balance the lengthwise structural stiffness in the composite radiating .
panels w1th their transverse thermal conductivity. The first property requires fibers parallel to the’

LI Nar s S e L ey ~¢w~o~..q--., - g x L

rcqmrcmcnts an extensive matrix of material propcmcs testswas dcsxgned "Panels of varymg fiber *
orientation and panel thickness were to be fabricated and the thermal transfer characteristics of each .

measured as described below. The configuration offering the highest thermal transfer with the
greatest lengthwise stiffness would be used in the design of the radiator. '
Analyses performed at NASA and at DWA during the evaluations of potential designs showed that the

original resonant frequency calculations were in error and that a box-beam construction was not
needed to meet the 0.1 Hz requirement (Appendix I). A simple aluminum plate attached to the heat

pipe was sufficiently stiff. The thermally optimal composite design, with all graphite fibers parallel to :__-' :
the heat pipe was also sufficiently stiff. Thisconclusion removed the necessity for the trade-off study %53

using the test matrix described above. This fact influenced the later decision to change the objective
of the contract from data generation to full scale hardware fabrication. In the radiator constructed,
all fibers were arranged for optimal thermal transfer, with no special consideration for lengthwise
stiffness.

1.2 Heat Plgg Desiqn

f e~ e C e e e e e ———— -

The central component in the construction of the radiator was an experimental foldmg hcat
pipe fabricated for NASA JSC by Thermocore, Inc. The heat pipe was fabricated in three sections,
each with approximately 4.5 of two-phase heat pipe linked by flexible hoses joining the vapor and
fluid arteries. An evaporator assembly was attached to one end, abso:bing energy from an external
thermal management system and transporting through the length of the heat pipe. The total length
of the heat pipe was approximately 17.4 meters, foldiag into a length of approximately 5.3 meters.

The heat pipe was circular in cross section, with an internal structure shown in Figure 7.

The heat pipe was received with damage incurred in shipment. One end of the wooden crate

containing the heat pipe was crushed and appeared to have been punctured by the tines of a forklift.
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The heat pipe itself had several feed tubes welded to the evaporator assembly, located atthe damagcd
end of ihe crate. One of the feed tubes had been bent downward and the weldment cracked. Thc S

working fluid in the heat pipe had been lost.

* 1.3 Composite Thermal Conductivity and Thermal Transfer

The primary function of the skins in a thermal management radiator is to provide a:
conductivity path away from the heat pipe, spreading the thermal energy overalarge areafor effective .
transfer by radiation. The mostefficient radiator provides maximum thermal conductivity perpendicu-
lar to the heat pipe; in a long radiator with a uniform root temperature, there isno heat transfcrred
_ parallel to the heat pipe in the radiating skin. Theoretxcally, thermal conductivity in this direction - i
- could be zero with no loss of thermal transport capacity. :
.In actual practice, such parallel conductivity is needed to allow for xrregularmes in the root(
temperature and for punctures in the the radiator skins by micrometeorites and other debris. If thcrc; :
were no transverse conductivity, punctures in the skin would isolate the the portions of the skin
outboard of the hole from the heat pipe, removing that isolated are from the thermal transfer process
Conductivity paralle! to the heat pipe allows thermal energy to flow around punctures.

Thermal conductivity in graphite-aluminum composites are highly anisotropic. In the fibe
direction, conductivity can be very high; theoretical conductivities in excess of 1000 W/mK have been
predicted for certain experimental high conductivity fibers in aluminum. For comparison, the
conductivity of aluminum is about 200 W/mK and silver about 400 W/mK.

Perpendicular to the fibers, in either the in-plane or through-plane directions, conductivity R
can be lower by a factor of 10 or more, depending on fiber species and volume fraction. i o

In view of the orthotropic nature of the composite thermal conductivity, the first choice for”,
orientationisto have the fibers perpendicular to the heat pipe, maximizing thermal conductivity away :
from the heat source. The reduced conductivity parallel to the heat pipe will have some as-yct“‘ e
undetermined effect on sensitivity to the radiator punctures in the skin. (Of course, punctures in the “L
heat plpe 1tself would dxsable thc ennre radxator, not merely rcducc its thermal transfcr rate. )

.+ g
e D e T e - - =

The test matrix prepared at the beginning of the effort included many panels with low-angle
cross plies, orienting fibers away from the direction perpendicular to the heat pipe. These panels,
thermally less than optimal, were included under the assumption that structural considerations,
especially the resonant frequency requirement, would be met only with composites containing off-
axis fibers. L :
We determined that the vibration requirementéould be metwithout the lengthwise stiffening ‘
of off-axis fibers. The multiplicity of cross-plied p,anclé were eliminated from the contract during the
modification with no loss of needed data. The final composite configuration designed for the radiator .
contained only fibers oriented perpendicular to the heat pipe, the thermally optimal configuration.
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Six test panels were prepared for thermal conductivity and radiative transfer performance
measurements. ‘The test panels and measurements made are listed in Table 1.1. The varjous, i

configurations are shown in Figure 8. e '
Atotal of 6 thermal conductivity measurements were made. Only one measurementwas rnadc

on each of the two panels with isotropic properties (Cu and Al). Three measurement in orthogonal o
directions were made for the 0° unidirectional composite panel. For the two panels with rotatlonal B
symmetry (45/45 and 0°/90° crossplies), only one in-plane measurement was taken. One thru- plan53
conductivity measurementwas taken; the composite panels wereindistiguishable in that direction. The
panel listed as Tapered did not have a constant conduction area and was not suitable for
measurement of thermal conductivity directly. Other than varying thickness, its configuratlon was 5
identical to that of the 0°unidirectional panel. R

v

Allsix panels were SUb_]CCth to radxauvc thcrmal transfer tcstmg ’I'hcsc tests were designed
todetermine the effect of composite configuration on the abilityof a panel to transfer thermal engrgy'
away from a heat source along one edge, across the face of the panel to be radiated through vacuum .
to a liquid nitrogen-cooled cold plate. Seven radiative transport measurements were taken in tptal{ E

The methods and results of all measurements are contained in the following paragraphs.

1.3.1 Measurement Technique: Thermal conductivity.

Thermal conductivity in the two in-plane directions was measured using spccime_éns e
approximately 25 cm (10 inches) long by 1.0 cm (0.5 inch) wide. The thickness of each specimenwas
equal to the thickness of the panel from which it came, nominally 1 mm. ‘ i

T Aresistor was attachéd to one'end of eachusing conductiveepoxy: The heavywireleads tothe _
resistor were cut short and electrical connections made through a pair 30 gauge wires. The smaller -
section wires were used to minimize heat loss from the resistor through the leads. A copper tube for
water-cooling was attached to “ne opposite end with the same adhesive. A regulated voltage power -
supply was connected to the resistor and the a water source connected to the cooling tube. five
thermocouples were attached to the specimen over a distance of 15 cm (6 inches) (Figure 9). The
thermocouples were far enough from either the cooling tubes or-the resistor to'be free of end effects,
assuring a uniform flux density throughout the area conducting section.

The specimen was well insulated by wrapping it in several layers of ceramic wool.

Power levels ranging from 0.1 watt to approximately 2 watts were supplied to the resistor. The
voltage and current supplied to the resistor was measured with a digital voltmeter accurate to .01 volt
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Table 1.1

anel

Radiative Transfer Test Panels - :
Tests Conducted l m

Size

Thermal

Thermal
Transfer

1

Conductivity
y A

X Y

X Y

sty

opper

10X10X.050

X

X

luminum

10X10X.063

raphlte-
luminum

P

10X10X.029

ks IEER

10X10X.032

10X10X.030

tapered

10X10X

(.025-.008)

S —
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Radiative Transfer Test Panels
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+:" A is the cross sectional area of the conduction path

PP

and .001 amp, respectively. The temperature at each thcrmocoup]c was measurcd to 0. 1C° and thex 5
spacing measured to 0.5 mm. After the specimen had reached equihbnum at a glven powcr mput 3
level (typically 15 minutes), the temperatures at the thermocouples measured. *." ‘

The thermal gradientacross the specimen was calculated using alcast-squarcs best fit. Usmg
the temperature gradient along the specimen, the geometry of the Specxmen and the power mput ;
the thermal conductivity was determined using the formula ‘ o

k = qA(dT/dx)!

where k is the thermal conductivity in W/mK
q is the power flux through the specimen in watts

and dT/dx is the thermal gradient in C/m. . o e .

conductivity to be about 4% or *12 W/mK at 300 W/mK.

Through-plane thermal conductivity was measured in the fixture shown in Figure 10. Ten ;
2.5 cm square coupons from a single specimen panel were bonded into a stack approximately 1.5 cm
thick using high conductivity silver-filled epoxy. The stack was heated from one side by an clcctriéil
heater coupled to the specimen bya copper block. The opposite side was contacted bya similar copper
block cooled by running water. The temperature of either face of the specimen 'was measured at thé
faces of the copper cooling and heating blocks. Temperatures at one additional point in the heatmg
and cooling blocks were measured as well. The power input was calculated by measuring thc
temperature gradient through the copper blocks after the test set had reached thermal equih'bnum.‘_; ;
_.The conductivity through the specimen was calculated from the temperature gradient across the” ‘
specimenstack, the powerinputand specimen geometry using the same formula asabove. An error
analysis shows approximately 4% uncertainty in the thermal conductivity determination. |

1.3.2 Results of thermal conductivity measurements - . ... ... - o - ~,<-r'._"

The results of the thermal conductivity measurements are presented in Table 1.2.
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1.3.3 Measurement Technique: Radiative Transfer

The radiative transfer testing was carried out in a thermovacuum chamber constructed by- :
DWA. Thechamberenclosed avolume 45cmby 45cmand22cmdeep. A40cmby40cm liquid mtrogcn-" ;
cooled cold plate was mounted on one interior surface and equipped with feed throughs for the flow .
of coolant. Additional feed throughs were provided for 14 sets of thermocouple leads and one set of -
power leads. The chamber is shown in Figures 11 through 13. !
All the panels being tested were 25cm square and approximately 1.5mm thick. The pancls:’,
are listed in Table 1.1. With the exception of the copper panel, all the panels were subjected to a»,f.
surface conversion process to control their optical properties. The process had been developed forf{
NASA by Boundary Technoiogy, Inc., of Buffalo Grove, IL. Details of the process were provided to‘f
~ local vendors used by DWA during this program. R T
The process consnstcd of an acndnc bnght dip to increase the rcﬂcctmty of the alurmnum e ‘~
- surfaccs followcdbya anodization to increase the cmxssmty atthe long wave lengths being radiated.”” *
The resultwas a surface with an emissivity in excess of 0.7 and anabsorptivity lessthan 0.2. The surfaces - -3;
of the copper panel were cleaned, but otherwise left as fabricated. -
Twelve Type K thermocouples were attached to each paneltested asshown in Figure 14. The -
thermocouples were mounted on high temperature polymer tape and pressed against the surface tg;}
be monitored. Additional thermocouples were mounted on the cold plate and the chamber wall. 'I’hc
thermocouples were connected to a computer-controlled data acquisition system and monitored - -
automatically. e
Each paneltobe tested was equipped with a silicon rubber strip heater strip clamped along onc' '
edge. Energywas applied to the heater by a power supply. The voltage and current were measured
by a digital voltmeter. The temperature of the heated edge was measured on the side of the pancl '
opposite the heater. e
The cold wall was cooled by a flow of liquid nitrogen through channels machined into the
plate. The LN2was supplied by a 22-liter canister pressurized to approximately 17 psi. The flow of'",
nitrogen was controlled by two valves: a supply valve at the canister and a throttle valve at the outlet -

“"" port of the cold wall  Escaping nitrogéh was vented directly into the-air. Tocool the wall, both valves

were opened and nitrogen allowed to flow freely until the cold wall was at a sufficiently low
temperature. The temperature was maintained within 2°C by adjusting the throttle valve during the
test. : o

To measure the thermal transfer of a panel, the power to the heater strip and the temperature of the
cold wall adjusted to meet the test conditions when the panel had reached thermal equilibrium.
Whenthe temperatures being monitored by the data acquisition system stopped changing, the voltage
and current being supplied to the heater were measured and the power “input calculated. The
temperatures of the heater on panel and the cold wall were the same in each test. The power being
transferred was then directly compared for each panel configuration.
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1.3.4 Results of Thermal Transfer Testing

The results of the thermal transfer tests arc shown in Table 1.3

’

1.4 Of{-gassing_by Graphite-Aluminum Uncjer Vacuum

The mass lost by off-gassing under vacuum was determined by weighing asample before anci S
after a one-week exposure to vacuum. The panels used in the thermal transfer testing were to0 la‘r_gt;._’;’. P
to fit into the most accurate analytical balance available ; a smaller sample was taken for test.’ 5{4'% .

A sample havingan approximate mass of 46 grams was thoroughly cleaned withsoapand watex; i
followed by acetone, dried and baked out under heatlamps at a temperature of 260°F for one hour. . i
After cooling to room temperature, the sample was weighed to 2 precision of 100 micrograms. ‘I‘o
determine the accuracy of the electroninc scale, the sample was weighed 10 times, rq-;sroing thf -
balance after each weighing. The reported weight is the mean value and standard deviation of the‘ s
ten independent weighings. o

The sample was then enclosed in the vacuum chamber and he
one week, removed and reweighed in the same manner.

1d at a vacuum of 104 torr fd}'

There was a measured loss of mass of .0009 = .00032 grams or .002%. i

Initial mass : (45.5. . . = .00023) gm

Final mass : (45.9202 + .00023) gm

Mass loss "3 (0.0009 £ .00032) gm

e e e e e _— e ¥y
Thi

We feel the result of this measurement sonfirms our statement that there isno off-gassing by i

- . }..;‘
graphite-aluminum under vacuum. ¥

1.5 Radiator_Panel Configuration

The primary driver for the designand construction of this radiator wasto investigate the ability
of high thermal conductivity graphite-aluminum composite materials to reduce the weight cf a
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Table 1-',3.

[0 -

o Radiative Transfer Test Res‘ults ,

Power Panel Temperatures . -Sink
:  Panel Mass  Input T2 T5- T8..Ti1 ~Temp
.' (gm) W) (K) B L9
Copper 660 39 286 283 26y 283 116
%v;p,nhv,nqw“‘.. s Ly T ST C
s VL . : . e ‘
106
Graphite-
Aluminum
T eQeng) 15 117 28 F F F 103
o (Trans) 115 6.7 283 283 F 281 102
0/90 115 88 295 F F F 91
+45 111 109 284 271 263 259 102
| tapered 57 106 - 284 269 257 251 102
I . . Now(Pidia 165 Joss of data during test
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radiator without loss of thermal transfer capacity. Inkeeping with that objective, an analysis of the ?‘%
optimal profile for aradiating panelwas performed by Dr. Eugene Ungar of NASA JSC. His analysis
produced a design for a tapered section radiator panel. The profile of the taper was such that the .
thermalflux densitywas constant throughoutthe conductivity path and the temperature profile linear
from the root of the radiating panel tothe outer edge (Figures 15 and 16). Dr. Ungar calculated thc".’
tapered designwould resultina30% reduction in the weight of the radiating panels with nosignificant |
reduction in thermal transfer. |
The radiating panelswere to be fabricated by stacking and diffusion bondinglayers of graphite-
aluminum of varying widths, approximating the specified profile
The ideal design called for a smooth taper in panel thickness from .6 mm (0.025 inch) at the
rootto 0.13 mm (0.005 inch) at the outer edge. The manufacturing process by which DWA produced
the graphite-aluminum composite for the radiator panels resultsin a nominal plythicknessof 0.13mm..
wh ij a r;sult thc profile was approximated by a series of fi ve steps of 0. 13 mm cach (anure 17). .
In order to achieve the best thermal conductmty away from the heat pnpe, the composue
radiating panels were designed to incorporate 50% (by volume) unidirectional high conductivity :
120Msi graphite fibers, all oriented perpendicular to the heat pipe. The thermal conductivity of the ;
fibers in the longitudinal direction was approximately 520 W/mK (manufacturers data). The thermal }&’f
conductivity of the composite was expected to be about 360 w/mK.
The basic panelsize was tobe .6 meter by 1.5 meter, withtwo panels constituting one radiating
set around the heat pipe (Figure 18). '
During manufacturing trialsinvestigating the attachment of composite panels tothe round heat
pipe, it became apparent that the original panel design was too stiff to conform to the pipe as desired.
To facilitate this attachment, the basic panel size was reduced to 3 mby 1.5 manda 2 cmregion along
the edge of the panel where it attached to the heat pipe modified to improve itsto the circular heat
pipe section. This was accomplished by replacing four of the five ply thickness with unreinforced
aluminum at the edge. The final panel configuration is shown in Figure 19. Finite-element thermal
analysis of the radiative transfer characteristics of the panc'l showed no significant change resulting ,
... .....from the modification, e . . o ’

1.6 Radiator Structure

The lenticular section (Figure 2.0)’ inéorporaicd in the radiator >dcsign accomplished two
goals: it satisfied the 1.5 mm edge radius requirement and it provided protection for the vulnerable
thin edge of the tapered panels.
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31

e SRCT I v 1Y e
AL PRBE S

OF MOCR QUALITY




S S

: RADIATOR
: = T T 1 S e 2

[ET N ST ;T TP
U .

@)

- 1.5m ——————

T

> s GREp Gms . Cw—

HEAT PIPE_ _ _ _

L e .

FIGURE 18
Radiator Panels Around Heat Pipe

32 Ot AL

Of POOR QuALITY

v

g
-

5

¥

e

&k

e

S

23

L




— .025
— .020

ro— 2.625

Hant ‘ . R ,n B

4,625 —

l_ o 010
T

7.25

B ot o

20

r-r- .

11.25

" 1100 7
Aluminum

inset

o

S o B i 4 8 e ey ‘K*—‘w’ m,& W).—.

g —
o - i W+ e A - mame v e e

gooS BAGE 1S
... OF POOR QUALITY




T

LT 9

INTERNAL — AT PIPE
BRACES _\/ L

[ -——u

oOOO‘QO/OOO

RADIATING
PANELS

FIGURE 20
Lenticular Section Radiator

34 ORIZHSL Leer g
OF MOOR QUALITY




The components in the radiator assembly were

a, Thermocore folding heat pipe (Figure 21) (1) each '
b, DWA tapered Gr-Al panels (36) each

¢, radiator braces (Figure 22)  (60) each

d, radiator panel edge caps  (Figure 23) (18) each.

The radiating panels were formed at the aluminumrich edge to matchthecurvature oftheheat =~ %

pipe. Forming was required to maximize the area of contact between the radiator and the heat pipe, -

reducing the thermal resistance at the junction. The attachment was made with a high conductivity
filled epoxy (Appendix2). .. ... ... Y

The spacing of the radiator braccs (F' igure 24) was choscn to provxdc the mmimum requxred

support for the radiating panels and to add minimum weight to the structure. The spacing is set to
support each panel at the ends and at third points across its span. The braces were designed to nest
inside the fcumed edge cap and provide a continuous surface for the attachment of radiating panels
(Figure 25). Holes were provided in the brace for weight-reduction and to open the closed chambers
createdin the structure. Edge caps were spliced with small aluminum insertsbetween braces (Figure
26). All joints were made witha structural adhesive (Appendix 3).

The radiator assembly does not meet the resonant frequency requirement. Most of the

structural stiffness in the designs analyzed in the initial stages of this effort came from the heat pipe
shown in Figure 5. The experimental heat pipe used in the construction of the radiator hasvery low .
stiffness, being primarily an aluminum tube with sintered aluminum in the interior. The resonant : .
frequency of a continuous 15-meter lenticular radiator of the design described above would o
be approximately .13 hz. It was decided that the thermal transfer characteristics would be of over-

riding importance in this radiator, constructed as it is with a folding heat pipe.

2.0 RADIATOR FABRICATION

The radiator construction followed the following sequence:

1, fabricate graphite-aluminum panels
2, fabricate assembly jigs and fixtures,
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FIGURE 26
Edge-Cap Splice
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3, fabricate braces and end caps,
4, attach braces and end caps to heat pipe,

graphitc-aluminum pancls to radiator struciure.

5,attach

2.1 Fabricate grgghlggglumlnum p_ane\s

Thirty-six graphite aluminum panels were

details of the manufacturing technique are proprictary
approximate thermalc

fabricated of high modulus (120Msi) graphitewithan
The fiberswere unidirectional and comprised 50% of the composite, balance
rmal conductivity of the composite was

* aluminum alloy. The calculated the

direction. -
“The initial manufacturing rials were done on pancls 0.6meters by1.5meters, with allgraphite -

fibers runningin the 0.6 m direction. The panelswere symmetrically tapered from 0.64 mmthick down "~

the center (.3 meters from either long edge) 10 0.13 mm at both edges- There was no aluminum nch
region at the center. » '
The initial planfor the {abricationof the radiating panels called for the surfaces tobe subjected
comversion process described in Section 1.13. After trials with small
d panel, it was decided to eliminate that step from the Process,
£ the trials conducted. o
ility of the process applied tolarge panels.
only a small number of spare panels for,
the anodizing process worked well
was felt the transition to full scale -

needed for the construction of the radiator. The

and will not be discussed. Each panel was
onductivity of 520 W/mK. -

being either 110007 6061 -
360 W/mK in the fiber |

to the experimental anodizing
test coupons and one full sized tapere
although it had been successful in each 0
The decision wasmade based on the uncertain reliab

The panels made for this radiatorare costly and there were
replacing any damaged during assembly or processing. Although

with the small coupons processedina 1aboratory environment, it

productioninacomme ;a1 facility was somewhat hazardous, withanunknown probability of damagé\ '

1o the panels during processing. Because NASA conventional surface”
jssi d beumetbcprocessmnotspeciﬁany

corens e prEPALAtions 10 control the absorptivity and emissivity an
called out in the contract, itwas Jecided by mutual agreementbe;wce‘nNASA and DWA to leave th
radiating surfaces bare. To protect the aluminum surfaces, 8 coating of clear ac&mmpﬁed. ‘
In preparation for the construction of the radiator, 2 rcprcs:mative section 30cmlongwas
¢ initial attempts were 10 attach full width 0.6 m
tothe circular crossse ction

jdentify problems in assembly. Th
dheat pipe, forming the composite .
ed (Figure 27). The extreme stiffnessof 1R
pipe, rendered this i

®

fabricated to

sections of composite panelto the roun
and joining the outer edges into the lenticular section requir

the composite, bending the fibers t0 accommodate the curved surface of the heat
approach impossible. No more than a line of contact was achieved at the point of tangency between £ |
the pancl and the heat pipe and the forces needed to deflect and hold the panels in the required
configuration was cxccssivc.Maimaining the shape would have required braces be spaced very close |
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together (as many as one every 6cm), negatingany weight savings gained from the use of composite. .

The model section was built by sanding the central 2 cm of each panel to a thickness of one =
graphite ply before attaching to the heat pipe (Figure 28). The sanding imparted a round section to
the pancel, more closcly matching that of the heat pipe, and the thinness reduced the force needed
to hold the panels in shape.

As a result of the experience gained in the construction of the model, itwas decided to adjust
the panel configuration, adding the aluminum rich section where the panelistobe formed to the heat
pipe and reducing the width of the pancls from a 0.6 meter symmetrical double taper to a 0.3 meter
single taper. The panels would be joined by a scam along the heat pipe (Figure 29). Because there
are no structural loads in that direction and no thermal transfer across that line, the division could

__ be made with no loss of performance. o o
"~ The panelswere made inlengths of 1.5 meters. The lengthwas chosen based on constraints
s+ somsperof pooling capability for fabrication and anticipated length of folding heat pipe needed toequipwith
radiating panels. 1.5 meters is one third of the 4.5 meterlength of eachsection of the heat pipe. ltwas ="
planned to attach 12 panels to each of the three sections (Figure 30).

A total of 38 single-taper panels were fabricated for attachment to the heat pipe structure,
providing 2 spares. ' ,

There was some waviness to some of the panels (Figure 31). At this point it is uncertain as to
whether this waviness was the result of the tapered section or the presence of the aluminum-rich strip
at the edge. The waviness affected the assembly procedures used, as described in Section 2.5.

2.2 Eabricate Braces and End-caps

The radiator frame consisted of the heat pipe, internal braces and end-caps.

The internal braces are shown in Figure 32, fabricated at a local sheet metal fabricator in
accordance with drawings provided by DWA. The braces were punched and formed of 3003-H13

-~ ~giuminumralloy-sheet-0:63 mm thick. Sixty braces are_required_for the radiator, 66 were made.

The end caps are shown in Figure 33. They were designedto fit over the outboard endsof the
internal braces, joining them and completing the frame. The end caps were made by the same vendor
fabricating the braces. They were made of 1100 aluminum alloy to achieve the radius of curvature
needed.

2.3 Fabrication_of Assembly_Jigs and_Fixtures

Four fixtures were constructed for assembly of the radiator: a cradle for holding the heat pipe and
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Radiator Edge-Cap
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braces in position for assembly of the radiator frame, a formed table to hold the radiator frame
for attachment of the surface panels, padded pressure plates for pressing the surface panels to the
frame during adhesive bonding and curing and atool for creating the curvature inthe attachment point
of the panels matching that of the heat pipe.

2.3.1 Radlator Frame Cradle

The frame cradle held the heat pipe and internal braces in position for assembly of the frame.
One cradle was provided for each section of the folding heat pipe. Each cradle consisted of 20 wooden
supports (Figure 34) attached to 2 wooden platform mounted on sawhorses (Figure 35). The
supports held the heat pipe in a close-fitting slot while providing a surface normal to the axis of the
pipe for positioning the braces. Restson eachside of the heat pipeslotreceiveda paxr ofbraces. When | "‘,
- - the internal braces were set on the rests and pushed agaxnst the heat pipe theywere ‘fixed in position
against the support with small C-clamps.

The wooden platform rested on sawhorses. Machine screws through the platform provided

adjusting legs to level the platform (Figure 36).

2.3.2 Radiator Frame Table.

The radiator frame table held the completed radiator frame in pasition for attachment of the surface
panels. The table was formed with a surface matching the angles of the frame (Figure 37). The table
was constructed of plywood with a 0.5 cm layer of foam rubber for cushioning. It rested on sawhorses
during use.

N iy

-——m.2.3.3.94newmwu Plate... o -

- ——

Pressure plates were fabricated toapply pressure to the surface panels being attached to the radiator
frame. The panels were made of .3 meter by 1.5 meter sheets of plywood with strips of foam rubber
attached at the locations where pressure was to be applied to the panel-frame joint. No pressure was
applied to the panels between frame members (Figure 38).

2.3.4 Pane! Radius Forming Tool

A final tool was made to form the radius in the radiating panels needed to match the heat pipe. An
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oak strip was cut with the appropriate curvature and attached to a plywood platform. Each panel
tobe formed was clamped against the platformwith alength of steelangle. The panelwas formed into
the radius with a wooded roller. The aluminum-rich area of each panelwas ductile enough to permit
the forming operation. Springback was sufficiently small that the panels retained a good match with

the heat pipe.

2.4 Attach_Braces and End-caps to Heat Pipe

Assembly of the radiator frame starts with positioning the heat pipe inthe radiator frame cradle
(Figure 39). The mating surfaces of each brace and the area of heat pipe surface to which it is to be
joined are cleaned with Scotch-brite abrasive and acetone und dried. A film of structural epoxy is

spread onto the brace and the brace pressed into position agains; thc»heat pipe and the cradle an.t..‘l o

| clamped in position witha C-clamp (Figure 40).

After the epoxy has set (the next day, typically), the end- caps and free ends of the braces are
cleaned and epoxy placed on the brace. The end-caps is then pressed onto the brace and adjusted
that the braces are parallel and perpendicular to the heat pipe. The loose ends of the end caps are
spliced with an aluminum shim (Figure 26).

After all braces and end-caps were in place, the radiator frame was removed from the cradle
and placed on the radiator frame table. An additionalfillet of adhesive was applied at the intersection
of each brace with the heat pipe. -

2.5 Attach Graphite-Aluminum Panels Radiator Fram

The graphite-aluminum panels were trimmed tosize as theywere applied to the frame. Each
panel was sized so that it terminated at the midline of a brace at either ené, along the midline of
the end-cap onone side and the center of the heat pipe onthe other. The planned assembly technique
wasto apply three panels simultaneously in one pressing. Structural adhesive was to be applied to the
braces and end-caps, apply high thermal conductivity filled epoxy to the root of the radiating panels,
the panels positioned on the frame and pressedinto place with the weighted pressure plate (Figure
41). Following attachment of all the panels, the discontinuities at the braces and along the heat pipe
would be spliced with 0.14 mm 6061 aluminum foil ribbon 32 mm wide applied with structural adhesive.

Several variations of this technique were used in assembling the radiator. The first was to
assemble by applying asingle panel. The result was satisfactory for the first panel applied and the
process was repeated, applying two panels simultaneously. The successful two-panel application
was followed by a three-panel application. The application was successful but the waviness of the
panels was considered excessive (Figure 42).
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FIGURE 39
Heat Pipe in Cradle
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FIGURE 40
Brace in Position for Bonding
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FIGURE 41
Weighted Pressure Plate
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In an attempt to reduce the waviness of the next panel applied to the frame, the panel was .
cut into segments equal in length to the spacing between braces (Figure 43).

Reducing the length of the panel segments did not significantly affect their waviness after
mounting to the frame, but did increase the labor required for the assembly. The balance of the panels
were applied full-sized, as had been originally planned. .

After all the panels had been applied to one side of the radiator, the joints were sanded - -f:';
smooth, cleaned and spliced with aluminum ribbon. A fillet of adhesive wasapplicd tothe exposededge .
of each panelalong the end-cap, further protecting the thin composite. Pancls thathad been damaged
were repaired with anapplication of aluminum ribbon bonded in place (Figure 44). After one side was
completed (pancls applied to all three heat pipe segments), the assembly was turned over and the
process repeated on the remaining side. . e §
e The ftaie nid panels added approximately 1.5 Kg permeter of radiator length (1 poundper ... . e
~ foot) to that of the heat pipe alone. ’

After completion of the radiator, it was carefully folded, packed in its padded shipping crate

and sent to NASA JSC.

3.0 SUMMARY, CONCLUSIONS AND RECOMMENDATIONS
3.1 Summary

The objective of DWA Composite Specialties, Inc., in this second phase SBIR program was
to fabricate a full-scale space radiator built around an experimental folding heat pipe supplied by
Thermocore, Inc,, of Lancaster, PA. The successful fabrication of the lenticular-section radiator
resulted in the largest structure demonstrating the application of high conductivity graphite-
aluminum metal-matrix composite material to thermal management.

e — DA -fabrieated-the--internal support structure-aronnd -the beat pipe 80d produced a series
of graphite-aluminum panels to be assembled into a lenticular section radiator of monocoque con-
struction. The lenticular section was about 32mm (1.25 inch) deep in the center tapering to about
2mm (.06 inch) at the edges.

The active radiator was approximately 13.5 meters (44 feet) by 0.6 meter (2 feet). MMC
surfaces were applied to both sides of the heat pipe. The frame and radiator panels had a mass of 1.5
Kg per meter (1 pound per foot) of radiator length.

The thermal transfer rate per unit mass was optimized by fabricating the MMCradiator skins
themselves with a tapered cross section, varying in thickness from 0.63mm (.025 inch) at the center
to 0.20mm (.008 inch) at the outer edges. The profile of the taper was the result of an analysis by Dr.
Eugene Ungar of NASA Johnson Space Center. The analysis determined the taper required to
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Reduced Length Pancls

63

—————— g

ORIGINAL + .00
OF POOR {iirinY

[

-
¥
H

-

WIS

IR

oA ald

N e 3 e

wnr

T



¥

A=

*
-
!

S VP ]

Sy

RKondie

Dt

14

N

OOR QUALITY

gaaiigm




maintain a constant thermal flux density through the radiator from the root to the outer edge. His
analysis indicated that 2 30% weight savings could be achicved without sacrificing thermal transfer
rate.
The panels were fabricated by consolidating a sct of plies of uniform thickness and varying widths
approximating the profile specified by Dr. Ungar. The minimum ply thickness available through
DWAs manufacturing process is approximately 0.13mm (005 inches). The panels therefore consisted
of 5 layers of graphite-aluminum stacked to form the required profile. All the graphite in the pancls
was aligned with the fibers perpendicular to the heat pipe. This orientation of fibers resulted in the
maximum thermal conductivity away from the heat pipe.

A set of assembly tools were fabricated an used in the construction of the radiator.

After its construction, the radiator was shipped 10 NASA Johnson Space Center.

1n addition to the construction of the radiator, a serics of {hermal transfer performance and
thermal conductivity measurcments were made. DWA constructed asmall thermo-vacuum chamber
with a liquid nitrogen-cooled cold wall. Six specimens were tested: copper, aluminum, tapered
unidirectional - graphitc-aluminum. constant thickness unidirectional graphitc-aluminum (in both
orientations), 0-90 cross-plied graphite-aluminum and £45 cross-plied graphite-aluminum. The
thermal conductivity of thesame materials was measured. For the anisotropic composite materials,
the conductivity was measured in three orthogonal directions.

Of the six panels tested, the highest transfer rate per unit of mass in the given geometry was
provided by the tapered graphite aluminum at 186 watts per Kg. The lowest was copper at 12watts

per Kg.

3.2 Concluslons

The unanswered questions at the start of this program were

1, was metal matrix composite manufactu;ﬁé 'iéc—:_ﬁn‘Sibgi'iﬁfﬁél‘énﬂy'dtvelopcd 1o fabricate
a full-sized space station prototype radiator,

2, what would be the cost and performance characteristics of such a radiator and

3, what would be the minimum weightof a completed 2000-watt space station radiator.

e ——————— e
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* be approximately $100,000.

PR O St I - el

3.2.1 Manufacturing Technology

Based on the manufacturing experience gained in this project, theanswerto questionnumber
one isyes, the currentlevel of manufacturing technology is sufficient for the production of full-
sized space station radidtors. Including the time to develop fabrication techniques for the tapered
pancls, the manufacture of the first radiator was accomplished in less than a year. In a production
mode, fabrication of a radiator should take approximately 15 weeks from the start of panel
production to delivery.

The yield rate of the tapered panels was very good, less than 40 panels were attempted in
producing the 36 panels and 2 spares.

The current limit to panel size (using existing tooling) is approximately 2 meters (79 inches) by
0.6 meters. o o

punch-and-form technology.

Some adjustments will be made to the practices used to fabricate this prototype radiator.
Eliminating the round heat pipe sectionwill remove the needto provide curved Gr-Al pancls andthe
concomitant need for the aluminumum-rich zone. Eliminating this heterogeneity in the material
configuration should reduce the waviness in the panels.

We will also select a more suitable adhesive. The system used in this radiator was one we have used
in structures intended for space applications. It was thick and difficult to apply properly in this
application.

3.2.2 Radiator Cost

Based on the cost of fabricating the current radiator, we estimate that the delivered cost to NASA
of a production radiator 15 meters long, 0.6 meters wide with radiating panels on both sides would

The assumptions included in this estimate are

- the heat pipe is supplied by NASA,

- a brief manufacturing technology program detailing fabrication procedures is prior to production,
- labor required is largely technician with little engineering needed

- a heat pipe more amenable to the attachment of panels is developed,

- the surface conversion process is perfected and is applied,

- a satisfactory production NDE process is developed and
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- assembly techniques similar to those used to fabricate the current radiator are acceptable. -‘

3.2.3 Radiator Weight ,

The radiating structure designed and fabricated for this project had a mass of 23Kg QO b g
weight) in excess of the heat pipe alone. This corresponds to a linear mass density of 1.5 Kg per meter _
of radiator length or one pound of radiator weight per foot. The mass or weight of the heat pipe }‘!‘qnld ; »‘; |
be added to this amount. An estimate of the weight of an all-aluminum  radiator having compa_&gble ' a ‘
thermal transfer capability can be made assuming a constant aluminum panel thickness (3.;6.(}.9) R };‘ )
times the thickness of the composite panel. (The multiplier is the ratio of thermal conductivities of the -

composite and aluminum). The set of resulting radiator panels would have a mass of 62 Kg (I%Ib), & §
'39Kg (82 pounds) more than the composite. 1t would appear that the weight savings would regluce &

launch costs (variously quoted in the thousands of dollars per pourd) more than enoughto pay f :thc
radiators. A

3.3 Recommendations

It appears that the high thermal transfer capacity and low mass of the composite radiator s the N
possibility of significantly affecting the performance and cost of the space station tl;w_._‘ ‘
management system. We feel it would be in the bestinterest of NASAs space station effortto -~ ¥
produce at least one production-mode radiator, using the key lessons learned in asscmbling_'_ c : ’
prototype and testable in NASAs thermovacuum facility. &
The radiator produced on this effort is sufficient for some testing. There are, however, three

associated with it that could add uncertainty to conclusions drawn from test results.

g wnt
gt e L

1. The folding heatpipe was an experimental design with a geometry that made the attachment of
radiator panels difficult. L 3

T
> gt

2. The heat pipe was breached during shipment to DWA and was exposed to normal atmosph_cré for

an undetermined period. It is possible that reactions between the components of the air agd the

sintered aluminum heat pipe interior could have resulted in products thar would interfere with

capillary flow of working fluid when the heat pipe is recharged. 3

3. The surface conversionwas omitted from the radiating panels. The weight of surface prcpargﬁo'ns

tobe added to the radiator to adjust the surface absorptivity and emissivity have not been included
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in the radiator weight. It is likely that such preparations could add several pounds to the n 0
weight. The anodic surface conversion, however, would not increase it significantly. .

Toresolve these issues, we recommend the production of fromone to five radiators, tobe built ar%nd ¢
NASA-supplied heat pipes. It would be anticipated that the costs of the radiators thcmsclvcs would ‘
approximate the $100,000 cost referenced above. e
The radiators would be of the lenticular section previously demonstrated and employ tapered panels.
The cffon would include the development and demonstration of the anodnc surfacc convcmon or

ey

than engmccnng a pancl to be compau’blc thh a round hcat plpe

CrgRg At o nt T

It would also be possible to consider alternate radiator designs. The radiator built on this pro * 1
was part of a thermal management design employing free-standing radiators .There has been sgme -
concern expressed by those studying the structural requirements of the space station that mch i
radiators would be exposed to stzay exhaust fromspace vehicles maneuveringin itsvicinity. The fon:es s
exerted on the radiators by such exhaust could generate very large loads and moments on' cfj L;:'}ff-
surrounding structure. Panels could be designed tobe attached to the space station trussnselfasbody - Y
mounted radiators, supported around the perimeter and thus reducing the potential for structural
damage due to external loads. e

Consideration should also be given to stiffening the basic heat pipe design for vibrational propcrt;es
and for ease of handling. The heat pipe supplied for this effort was very pliable, flexing to the poxnt_
of plastic deformation very easily. Not only was handling it without bending it difficult, but itmjade .
it impossible to meet the vibrational requirement with a lightweight structure. 3 b
Particulate-reinforced aluminum composites could be used in the fabrication of a heat pl@'to.gﬁ

" “sigrificantly inéreaseiis stiffiess. The modulus of elasticity of the composite can-be more than doublc

that of the aluminum matrix itself. If suitable designs are available, heat pipes could be made ncarly g |
twice as stiff, improving their handlability and increasing their resonant frequency without mgmﬁmtly 4 4
increasing their weight. 5 3

u 4

;.
We feel that the success of this program demonstrates the potential for fabricating hght-weight

radiators with high thermal transfer characteristics at a cost low enough to be offset by savmgs m thc .;3.
launch cost of the thermal management system.
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vibrations in Composite Beams

Allowed transverse vibrations in a clamped-free beam (Figure 1) of uniror-’ _f&
section are given by Equation 1t.

fenvek,® (1.1942,2.988%,5%,7%,...) (1)
8L2

where ¢ is the wave velocity given by
ce= (E/p)”
k is the aegtlonai radius of gyration given by
k= (174"

I ! - ) AL 3 L P .-
where E is the modulus of the beam paralle] to its length.
p 18 the density, ' Lo |
I is the beam moment of inertia relative to the neutral or bending |
axis, !
A 18 ‘the sectional area of the beam,
and L 1s the beam length.

The constants (1.1942.2.9882. ?.72....) apply to the first, second, third :
resonant mode, etc.

Equation 1, as shown applies only to homogeneous beams. To calculate the
resonant trequencies ol composite beams, adjustments must be made, substi- ¢
tuting E_tor E. p_ Tfor p and I  for 1. where the subscript “c” refers to
overall efrective prSperties of tﬁe composite beanm. y

Neutral Axis

Calculation of the moment of inertia of the beam is made relative to th
bending or neutral axis of the beam. Elements on one side of this axis &',
experience compressive stresses, elements on the opposite side experience J £
tensile loads. The rirst step in determining the overalil moment of fnertia ey
is to locate the neutral axis.

N e s e e vy e e e L e bp———,——y ——— —

Given a beam of arbitrary section (Figure 2), -exhibiting & Wodu{Us " that "
varies with y (but not x), equilibrium at any section through the beanm
requires ;

J‘O(Y)dA =0

or fE(y)t(y)dA = 0.

1. Kinsler and Frey,Fundamentals of Acoustics,Wiley & Sons, p76
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CTET dhere Yo Uis Y 'the y coordiidte oY the centroid ot &n srea, this can ‘be

In a beam undergoing small deflections, the straln at any point is
proportional only to its distance from the neutral axis, and not on material

properties,
/E(y)«(y-vb)do\ -0

where « {s a proportionality constant. The constant can be factored out
and eliminated by dividing through by «.

If the assumption is made that the material possesses properties that are
constant over discrete intervals of y, the integral can be divided into the
sum of several integrals, the modulus being constant over each:

Elf(y-yb)d'\ = 0.

Recognizing that
. - PRI e fy“ ‘- Yc PR e

expressed as:

ng A, (Ye,-y,) =0 (2]
where 51 is the modujus of the lth layer of the beam,
A1 is the sectional area of the ith layer,
and Yc1 1ghthe y coordinate of the sectional centroid of the
i layer.

The neutral axis of the composite beam is located at yb satisfying Equation
2.

Moment of Inertia

The overall moment of inertia of the composite beam is calculated relative
to the neutral axis just established, Using the Parallel Axis Theorem, the
moments of inertia of each element of the beam are summed:

e et e e e a N Al
“Ia‘ I1 ¥ Ai(chwyb) S (1 NG

where Io is the overall moment of inertia,

11 is the sectional moment of inertia of each layer of the beanm,
measured relative to an axis through its centroid parallel to
the neutral axis of the beanm,

A, 1s the sectional are of each layer of the beas,

i
Yc1 is the y coordinate of the centroid of each sectional
area :
and yb is the y coordinate of the beam's neutral axis.
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’ The tractional contribution of each layer to the overall moment (its moment .
fraction) is given by:

2
R
0

Modulus

In general, the bending moment in a beam is given by:

M= Jﬁﬂydk

or M- ftEydA.

e suming s ‘Proportional tory laeasured from the neutral axis), and E s
constant over beam, the expression for the bending moament siapliifies to:

M - aF fyszl (4]
- « El,. . (5)

If the beam is formed of materials with varying E. such that E is constant
over discrete intervals of y. Equation 4 can be written as

2
e« ZE‘ fy dA1
2
-« [Ei(l1 + Al\’ci }.
Comparing this expression to Equation O, we see that if we deline E"Seto be
the

the effective overall modulus of the beam in bending and ) § to
overall moment of inertis, the two expressions are equivaljent ?f

2
Eger 10 © [- E (IgeA Ve, )

or Epgr ° z B4, (7}

WHEFS ™1, ~~fs—the-moment—fraction defined abave... This 1s 8 rule-of-mixtures
formula,” analogous expression to those used to calculate the densities,
modulil and other properties of mixed systeas.

Density

The overall density of a cosposite systea is given by:
Po Z PyVy

where p1 is the density of the lth component

and v‘1 is the volume fraction of the 1th component.
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. In a system where the configuration is constant in one direction., such as
the beams under consideration, the volume fraction is equal to the area

fraction of each component:

vi=ag= A/Aoral

th

where A, is the sectional area of the i~ component, and

i

A is the overall area.

total
The effective density of beam is then given by

Po * Z'l't' (a)

. - . w -

esonant Frequencies of Vibrati apos Beans

(el SRR Al Ll AR gt - . y .
Rew: itting Equation 1, using ihe‘ctrict!ve sodulus, moment of inertia,

density and sectional area of the composite beam in place of the same
properties in the homogeneous case, we have for the lowest resonant

frequency.
XAEqrrlo 2,.
t= -?i (1.1947) . [9]
aL '0 A

xample: Vibrations in Composite Radiator Panels

Consider a radiator consisting of a heatpipe bonded to a single planar
radxating.ganel. shown in Figure ;o The heatpipe is ajuminum with density
2710 Kg/m” and modulus 6.820 X 10" Pa Three panels will be considered:
plain aluminua (properties equal to those given for the heatpipe). aluminum
reintforced with longitudinal graphite tiacro (running in the long . direction
ot the panel) with modulus 37.01 X 10 Pa and density 2572 Kg/m, and &
pnnellef atluminum reinforced wltg transverse graphite fibers, modulus 4.774

X 10'° Pa and density 2372 kg/m. The lowest resonant frequency Tfor each
wil} be calculated.

U.xhg “the geometries of thé hewt pipe ‘section—end -the-pansl--section.--we
find for all cases
of heatpipe section)

Y = ,01613 m Y

cheatplpe centroid
-4 2
Aheatplpe = 2.219X 10 n (area of heatpipe section)
Ic heatpipe 3.280X 1&" l‘ (sectional moment of inertia of the nzar—?ﬁai
' pip pipe relative to centroid axis) o

chanel = 0309 m ‘Ycentrold of panel section)

., cn~d 2
Apanel 2.323X 10 ] (area of panel section)

GRICAN/L +/GE 1S
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e— o .. - T e e . e g e atee ARSI TR hewaane a8 bmwg et

: I s 1.124X 10-11 n‘ (sectional moment of panel relative to

c.panel centroid axis)

Overall area . 4.542x10°3

Aluminum_Panel

Neutral Axis -
- . Eqn. 2
Z: E ‘Al(Yc vp) 0 qn
6.820 X 1010 = 2.219 x 1079 * (. oxes-yb) .
' 10 . L o
X o " oson- o

R Ll BRI Pt D 2T T 6 822 x» luot 2 32? ’x' .l»:i":"’ ( yb) .’ i ad

y, = ‘0242 m T S

Moment of Inertia -

Io - l1 * Ai(Yc ybl Eqn. 3

«  3.280x 10~% + 2.219% 1074

* (.01613-.0242)%
1.124X 10° " -4 2

+ 2.323X 10 ~ * (.0309-.0242)

.- 4.725%X10°% + 1.044 X 1078

- 5.769 X 105 ad

- 5 -
‘panel 1.044/5.769 .181

- 5 »
1heatplpe 4.725/5.789 .819 .

Effective Modulus -

_________ .ff‘ L_‘,,, 4_,,_“* e . - m. 7
- 6.820 X 1010 .

.181 + 6.820 X 10%° * .819
- 6.820 X 1010 (for a homogeneous case, the effective modujus
equals the homogeneous modulus)

Overall density -

Z P8y Eqn. 8
- 2710 z2.210%10°% <2710 ¢ 2.323x107%
4.545X10 4.5405X10




b 2710 kg/-a (for a homogeneous case, the overall density equals ¥
: the homogeneous density) )

Resonant Frequency -

EI
fe — ] -2LL2 (1.104%). Eqn. 9
8’ s, A

For a radiator 50 rt (15.2 meters) long this ylelds

R L _s.820x30"° _*_5.,769X10_ -8 ! (1 194 )
e s(xs 2) ' z7xo Ay sazxxo
1, = 0.137 Hz

Similar calculations using the properties of the graphite-aluminum conpooito'
pane! in place of the aluminum panel yleld:

"
fo.lon‘ = 0.158 Nz

and to.tranl « 0.130 Hz.

Each of these three cases satisfy the requirement for 0.1 Hz minimum
resonant trequency.

PRSI P—
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APPENDIX A

DIELECTRIC MATERIALS

TECHNICAL BULLETIN 3-2-5
ECCOBOND SOLDER 56C
Low Resistance Conductive Cement

N XS

Cewey ond Aty Owwscol Orwuon
W. R. Groce & Co. ’

Eccobond Sclder$6C is a plasticadhesive which when
cured has extzemely low electrical resistance. It can
be cured at temperatures as low as 120°F (49°C) in 2
hours or ina marterof a few minutes at elevated tem-
perature. Supplied ln paste lorm, the adhesive will
Aot Cow when epplied. It bonds tenacieusly to metal
glass, ceramic and plastics. It is used for making
e Jjectrical Tomnections wnere Mot seldering is {mprac.
tieal. for example, to nicarome wire, or toaductive
plastcs and at locations which casnot e subjected to
high temperature. The Catalyst 1l cure resuits in
optimum hightemperature properties butgives some-
what poorer elecirical conductivity, Zccobond 56C is
sllver colored. (Mote: Eccobond Solder $7C, Tech-
atcal Bulletin 3-2.5D, can be cured completely at
foom temperature. la sddition, Imerson & Cuming,
inc. has several other conductive adhesives,) Shelf
life is at least § months whenstored in a closed, well-
sealed iner att atures below 25°C,

Thinnjng of Eccobond 54C with a small am ount of
toluene (10% by weight maxirmum) has béenused where
a thin fiim is applied. Solvent must be evaporated to
assure low resistance. The solvent :an be added to
the catalyst {or ease of usel

Ivpiesl Propernas:

Tempersture Rasge of Yoo -70°Y w +3%0°F

(«37°C ta 17T7°C)

Lap Shear Strengwh, po (Kg/cmd) 00 134
Flemural Strangeh, pot {(Kg/amd) 12. 200 (85T
Velume Restsanty, shm-em 2 g l0-4

Thermal Consuctwity, (BTUN () /ani(Rd(* N “
(el (emi/(ssat(emd)(* Q . 034}
Thom.l L:vulnon. I*F (1D

weTETT e R s o

The handling of this product should present noprob-
lems if ordinary care is exercised to avoid breathing
vapors, if the skin is procectad against contaminadon,
i swallowing is avoided, and i{ the eyes are protece-
ted. Wae recommend observing the precautions in
Puolic Health Service Publication No. 1040, May 1963,
which is available (rom the Superintendeat of Docu-
mreants, U. 5. Covernment Printing Olfice, Washington
D. & 20402,

S b e————

This informaton, while believed to be completaly re-
liable, is not to be taken as warranty (or which we
assume legal responsibility nor as permiseicn or re-
comumendationto practice any patented invention with.
out license. It isofferedfor consideration, iavestiga-
tion, and veruication.

Revised 9-10.74

202106 D6 x 10-6 2

e A e e —_—

lastructons: )
Items to Ye bonded should be clean,
hesion use Mold Release 1228,

To prevent

1. Weigh out the amount ol sdhevive required, U
1 partCatalyst 9 to 40 parts Eccobond Salder 56
by weight. A medicine dropper provides & coc-
venient method of measuremant of catalyst. Use
one drog of Catalyst 9 for each gramot teeohond N
Solder $6C. Mix ver; thoroughly, R

Apply to surface to be bonded. No prutu:t l: 3
T T required.’’ Curé kit place—within 2 hours at
120°F (49°C), but can be accomplished within a ~
few minutes at 1S0°F to 200°F (68°C to 93°C}. «é
Cure at 2 temperature of 150°F (66°C) ar above )
is preferred for low resisdvity,

3. For longer "“pot life® and optimum high tempera-
ture properties use one par: Cacalysc 11 to 30 it
-parts of Eccobond Solder 56C or 1-1/2 drops of§
Caalyit 11 per gram of adhesive, Mix very
thoroughly. Cure for § hours at 170°F (77°C) o
1 hour at 250°F (121° Q).

!Q
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APPENDIX 2 '
High Thermal Conductivity Filled Epaxy
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Structural Epoxy

QRINAL PAGE 1S
of 200" QUALITY




’

P m_ ' ' - _ - EpIBOND* 1210

N ot (007 2973060 ’ EP-58-23-G~

CHEMICALS INC. FURANE® PRODUCTS General Purpose Adhesii;"
FUNCTIONAL PLASTICS DIVISON INFORMATION SHEET : ’

SN SAN FEONANCO OOAD WEST
DS ANGELES. CALFOMA )9

- z

+

DESCRIPTION: EPIBOND* 1210 may be combined with various hardeners to':
bond metal, plastics, wood and related products. Because;
0f its semi~-fluid consistency, it is well suited to aple.-
cations by spatula, brush, or dispensing units. Chief-

among its attributes though, is its ability to bond well
to so many diverse materials.

PREPARATORY Surfaces to be bonded should be clean and thoroughly de-.
MEASURES : greased. Best bond strengths on metal surfaces are
P o obtained when metal is chemically cleaned. For further .
infomation see Surface. Preparat:.on Bulletin EP-SG 10. o

JAWIPBN, - JWW':;',“'"" PO O e a3t "t AN ’;"b< e LAY
“HARDENER EPIBOND*1210-B -long vorkmg “15 fe, thick fluid mixture.

-— - —

- e e

SELECTION: By varying ratio, softer or harder cured _.5
adhesive can be achieved. Increase the

quantity of hardener in mix to gain so‘ter
more flexible adhesive.
Hardener 9615-A - Long working life, thixotropic paste <88
mixture. Can be varied in ratio with k18

resin as with Bardener 961S. i}

Eardener 9861 -~ Shorter working life, but yields higher
bond strengths at 200-300°P. (93-150°C.).

MIX RATIO: To 100 parts by weight of EPIBOND* 1210, add :
65 parts by weight of EPIBOND*1210-B/or equal parts .
. by volume). -
To 100 parts by weight of 2PIBOND" 1210, add 2
65 parts by weight of Bardener 9615-A (or egual parts ¥
+ by volume).
/
To 100 _parts by vgight of EPIBOND* 1210, add

20 parts by weight of Hardener 9B61.

POT LIFE: At room temperature (77°F. or 25°C.) two pounds of
resin/nardener mixture will have a pot life of:

1210-A/1210-B 50-75 minutes

1210/9615-A 50-75 minutes

1210/9861 35-60 minutes
*Registered U.S. Patent Office Page 1 of 2 pages.
roammum.zmv MAT Chormucais inc. grvue A9 warvarey, - ot o8 pr nmmm-mvamﬂﬁ "
18303 10 OBLErTnG Whe - ity of Whe 4T Cn . sRet Bu I Ao wey o7 0 SFOON Yae NG rcs of The PFOCUCL. ANy MIOTVS-
mummwm-wm-ww“mﬂ"mvn—.m'Ul'-u-d-‘ L& - 5

.——wuwunm'-nm-m-‘n-ﬂ.——“

(2 . &

18 ORIGINAL PAGE A8




. » o 3 el A TR s RS g RN gy g ‘W"‘ T DA YRS

.o ,vﬁzrzaonn- 1210
¥ EP-58-23-G~0

* CURE: 48 hours at. 75-80°F. (24-27°C.), OR
2 hours at 150°F.(66°C.) required for full cure.

TYPICAL PHYSICAL PROPERTIES: - . .
Tests Results Test Methods:.

EPIBOND 1210-A/B or 9615-A

Lap Shear, psi Aluminum to Aluminum 77°F. 2,500 ’ ASD!—D-IOO?
Steel to Steel -77°F. 4,500 :
Steel to Steel 150°P. 500
Polyester to Polyester 77°F. 1,800 (failure in 1amin

Immersion in tap water, hydraunlic cils, Nesligible
gasoline effect on
. . . UL -~~~ -~ lap shear
qeorioS014AS content, 8. . g e 100
h Maxxmum Service Temperature, °P, " 200 !

EPIBOND 1210/9861

Lap Shear, psi Aluminun to‘&luminum 77°Fr. 2,800 - AS:H-D—1002¥3§
200°F. 2,500 o)
300°F. 500

Imnmersion in tap water, hydraulic oils, ' Negligible
gasoline, and salt water - effect on
lap shear
Solids content, % 100
Maximum Service Temp., °F. 300

The values shown above are typical and are not recommended for specitiéw
cation purposes unless practical tolerances or limitations are estab-
lished with MET Chenmical's laboratosies.

STORAGE: - Xept in tightly closed containers, shelf: 1ife should be’ %
Bt _least one year at room temperature. / a

Fe e I e ———

CLEANLINESS Avoid contact of the resin or hardener with the skin and
AND SATETY: use under conditions of good ventilation. Yor experi-
mental and production uses of epoxy resins and hardeners,
the importance of cleanliness and use of rubber gloves
should be emphasized. Request and examine Safety Bulletin

FOR INDUSTRIAL AND PROFESSIONAL USE ONLY.

Page 2 of 2 pages.
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